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This investigation is concerned with the phenomenon of a gas jet
impinging on, and penetrating into, a liquid. The study is restricted’
to the case of a round jet of subsonic and supersonic velocities peﬁ%-
trating the liquid at right angles. The phenomenon was analyzed from
two viewpoints, The first, a stagnation pressure analysis, related the
depth of the surface depression or cavity to the stagnation pressure
based on the centerline velocity of the jet in the neighborhood of the
surface. The second, a displaced liquid analysis which takes the mixing
process of the jet 1nto account, related the weight of the liquid displaced
from the cavity to the momentum of the jet., It was attempted to derive
scaling laws from these investigations to predict penetration depth of
full-scale rocket motors of space vehicles launched from platforms built
over a water surface. Splash heights were also analyzed and correlated.,
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Definition
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jet diameter
nozzle elevation
penetration depth
splash height'
distance along the drop trajectory
core length
drag force
thrust
pressure ratio, equations (5) and (6)
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mass
pressure
dynamic pressure

velocity of the jet

velocity of the gas and liquid drop at the interface

weight of displaced liquid
density

surface tension

ratio of specific heat

specific weight of liquid
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v molecular weight

T* total temperature

] slope of cavity

Subscripts

d liquid drop data

m jet centerline

o jet exit

3 jet

00 condition of the secondary medium or at infinity
i air water interface, gas data

ch chamber

\ water
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TECHNICAL MEMORANDUM X-53214
JET PENETRATION INTO A LIQUID
SUMMARY

This investigation is concerned with the phenomenon of a gas jet
impinging on, and penetrating into, a liquid. The study is restricted
to the case of a round jet of subsonic and supersonic velocities pene-
trating the liquid at right angles. The phenomenon was analyzed from
two viewpoints. The first, a stagnation pressure analysis, related the
depth of the surface depression or cavity to the stagnation pressure
based on the centerline velocity of the jet in the neighborhood of the
surface, The second, a displaced liquid analysis which takes the mixing
process of the jet into account, related the weight of the liquid dis-
placed from the cavity to the momentum of the jet. It was attempted to
derive scaling laws from these investigations to predict penetration
depth of full-scale rocket motors of space vehicles launched from plat-
forms built over a water surface, Splash heights were also analyzed and

correlated,
A uTHOK

I, INTRODUCTION

Numerous studies have been made recently on problems concerned with
the fluid mechanics of jets in the neighborhood of rigid boundaries.
These investigations have been devoted primarily to the determination of
velocity and pressure distribution for various configurations. A logical
extension of these studies would be the investigation of subsonic and
supersonic jets impinging on a deformable surface such as a liquid.
Depending on the relative distance of the nozzle above the surface, the
gas jet will behave differently due to its structure. While the nozzle _
position is close to the surface, the potential core plays a major role,
and the jet acts like a free streamlime jet. For higher elevation,
turbulent mixing plays the major role,.

THe impinging jet causes a depression on the liquid surface which
might be shallow in the case of a weak subsonic jet or more like a deep
cavity in the case of a strong supersonic jet, Under certain conditionms,
when the cavities are deep enough, liquid drops are formed and projected
from the cavity; the cavity bottom tends to oscillate vertically and the
sides laterally. Considerable gas entrainment in the liquid is observed,
and surface waves are propagated from the disturbed zone,



II. THE FLUID MECHANICS OE A TURBULENT JET

The simplest case of a jet boundary layer is found during the dis-
charge of fluid with a uniform initial velocity field (uo = const,. ) into
a medium moving at constant velocity (u, = const.) or being at rest
(submerged jet),

The thickness of the boundary layer in the initial region of the
jet starts out with zero at the lip of the nozzle. The thickening of the
jet boundary layer, which consists of accelerated particles of the
surrounding medium carried along with it and particles of the jet itself
that have been slowed down, leads to an increase in the cross section of
the jet, as well as to an "eating up" of its nonviscous core, Figure 1
shows a simplified diagram of the jet.

The part of the jet in which there is a core of potential flow is
termed the initial region, The static pressure within the jet is assumed
to be constant, and as a result of this, the velocity in the potential
core remains constant, The centerline velocity beyond the initial region
decreases rather rapidly, and the jet widens faster as shown in Figure 1.

We distinguish three regions of the turbulent jet.

a. The initial region where the velocity ratio is constant,

= const, ey

CIBC

[o

and the dimensionless velocity profiles of the boundary layer in sections
normal to the jet are similar.

b. The transitional region, beginning with the drop of the
velocity on the axis and the absence of similar velocity profiles,
terminates when the disturbances have reached the outer boundary of the
jet.

c. The main region again is characterized by a universal
velocity profile normal to the axis which is the same for compressible
as for incompressible jets. The velocity on the jet centerline decreases
for the transitional and main region in general as

xc
= ——= for x
X

v

X . (2)

OC IEC




Figure 2 shows a comparison of equation (2) with measurements of Refer-
ence 1. The simple law represents the velocity decay fairly well,
except in the transitional region where the jet velocity does not follow
the discontinuity at the end of the potential core, and at large distances
where the velocity seems to approach zero faster. The more exact equa-
tions, given in Reference 1, result from the integration of the mass,
energy, and momentum conservation laws and are implicit expressions and
rather involved, and moreover do not give better results in the transi-
.tional region where the jet velocity does not follow the discontinuity
at the end of the potential core, and at large distances where the
velocity seems to approach zero faster. The more exact equations, given
(,-in Reference 1, result from the integration of the mass, energy, and
momentum conservation laws and are implicit expressions and rather
involved, and moreover do not give better results in the transitional
region.

The length of the initial region, sometimes referred to as the
length of the potential core x;, depends on a number of parameters.

a. With increasing Mach number, the core length x. increases
as shown in Figure 3, where the core length for ideally expanded jets
is plotted versus the velocity ratio. (u/umax)®. With thé expansion
ratio as parameter, one notices that over expanded jets Py/P_ < 1 have
a shorter core length, Two curves are shown in Figure 3 for the expan-
sion ratio of 1 from different references [1, 2]. The experimental
points are scattéred between these two curves. The curve of Reference 2
has no theoretical backing and is drawn tentatively according to the
experiments with hot and cold jets.

b. With increasing total temperature Tg of the jet, the core
length x. decreases, also shown in Figure 3. Chemical reaction, however,
is not included. According to Reference 1, it has some effect on the
core length, especially when the flame front moves closer to the boundary
of the potential core. The curves for different 6% in Figure 3 are
established with the simplified theory of Reference 1 for heated air
jets only with total temperatures higher or lower than the total ambient
temperature, T:. I1f we want to apply the curves to other gas compositions,
we have to take their density into account,

T*
* [0} p’OO u 2
T u u
o 'O max



where

u \? )
o _ p=3 -
<umax> = M* (L—-—7 - 1>. (&)

¢. Under- and over-expanded jets, Py > P and Py, <P,
respectively, have different potential core lengths = and completely dif-
—ferent structures of the core itself. We encounter a system of expansion
and compression waves, and consequently, changes in velocity and density
for supersonic jets. The core length increases for an under-expanded
jet and decreases for an over-expanded jet as shown in Figure 3.

These are the most important parameters for our jet penetration
problems. 1In Reference 2, some rockets were tested and their core lengths
were plotted. No appreciable difference was observed compared with the
cold air jets. However, the authors agree that a "hot" jet (rocket jet)
has a reduction in core length (a figure of 20 percent was quoted). The
reduction in core length of hot air jets is confirmed by experiments
carried out by Yakovlevsky and Pechenskin [1, p. 304], and :they agree
very well with the simplified theory of Reference 1,  Compressible jets
impinging at a right angle on an obstacle develop a detached shock wave
in front of it, provided the centerline Mach number of the jet Mj is
greater than 1, The pressure at the stagnation point is then given by
the 'Pitot pressure relation which depends only on the Mach number just
in front of the normal shock region on the centerline of the jet.

For the case M z 1, the ratio of the compressible to the incompres-
sible stagnation pressure is given by the Pitot pressure relation

1

2 - 2 2 p
. - L + 1)2 MS -1 4y M2 - 2(y - 1
q y + 1 M? y 47M§-2(7-1) y(r +1) M§

(5)

- which consists of the adiabatic compression due to the shock and the
isentropic compression between shock and stagnation point.




For M, = 1, no shock exists, and the adiabatic compression of the
subsonic jét is considered, which is, for this case,

-1
AP _ 2 x =1 o v - ‘}
3 £ _71?{[ 5 Mj + 1] . (6)

Figure 4 shows the pressure ratio versus the jet Mach number for
different values of the ratio of specific heat, y. We notice that for
high Mach numbers the curves approach a value of approximately 1.8.

I1I. THE ANALYTICAL MODELS FOR THE JET PENETRATION

The following is taken from Reference 3 with only minor modifications.
* Figure 5 explains all dimensions and parameters.

1. The Stagnation Pressure Analysis

We assume that the maximum penetration depth ngy is equal to
the dynamic pressure of the jet at the centerline, and the velocity in
the liquid is zero.

H

n . @)

This equation accounts for the compressibility of the jet. Like um, soO
is £ a function of x/d, for comstant specific heat ratio y. Since the
Mach number of the jet centerline M4 can be expressed in terms of “m/ach

or (up/ugy) Mgy,

ul

m
M2
ex

O

‘2 u -1 TS
=<f'1£;> ( =1 (Jl_)2> - , (8)
a 2 a
[+ - ch [1 - Z -1 2 <“ - >]

where a. is the total speed of sound given byrchamber conditions,




The velocity u, on the centerline is given by equation (2),
and the thrust of an ideally expanded jet P,/P, = 1 equals to

7
F =z dg ui, (9

which is the momentum of the jet at the exit and which stays constant.
Equations (2) and (9) inserted into equation (7) and with x the distance
from the nozzle to the stagnation point replaced by (H + ng), we obtain
a dimensionless expression

2 4+ n 2
F 1 1 o
u d2 - 2t <x /d > <§ a > * (10)
71, Yo %o ¢/ 70 o

When we introduce the velocity law given by equation (2), we assume that
the dynamic pressure decay is not affected by the entrainment of water
drops, However, this assumption is not necessary for the core, since

no water can enter this region.

2, The Displaced Liquid Analysis

The momentum of a jet, which is equal to the thrust of an
ideally expanded jet, is conserved and carried over to the liquid which
is displaced., We assume now that the component of the momentum of the
departing gas in the directiont of the jet is small and negligible. Then
one can set the thrust equal to the weight of the displaced liquid. It
is further assumed that the cavity profile is established by a known
pressure distribution obtained from circular jets impinging on a solid
surface and that the depression is sufficiently small that the change in
shape of the liquid surface does not appreciably alter the velocity and
pressure distribution of the gas flow.

The pressure distribution of a submerged circular liquid jet
impinging on a flat submerged plate was experimentally obtained by Poreh
and Cermak [3]. The static pressure distribution of a gas jet impinging
on a flat plate, which is shown in Figure 6, is another experimentally
obtained curve [8). An error curve approximation agrees fairly well
with the experimental data of References 3 and 8 for a value of B = 130
(Figure 6). For the general investigation, g must be variable to account
for the difference of Mach number, temperature, expansion,ratio, etc., of the
jets, )
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nﬂ_ = exp {- B(r/H)Z} . (11)

o

The displaced liquid weight is then given by integrating the volume
multiplied by the specific weight of the liquid.

7LnH2no
W=yV=——o 2 (12)

Instead of the elevation of the nozzle above the flat plate H, we
introduce now the elevation of the nozzle above the water level plus

the penetration depth n,, to obtain the same distance of the nozzle from
the stagnation point, ny + H. The thrust of the jet shall now be equal
to the weight of the displaced liquid according to the previously stated
assumption., We obtain

2
F - = i <n°d+ “> . | (13)
7L % % B o .

Equating equations (10) and (13), we find the expression for f§ as

““@' (14)

The left side of equation (13) represents a thrust-weight ratio where
the volume of the liquid is nodg. The minimum penetration depth of a
jet can be obtained from (13) by replacing F with the right side of

equation (9).
u2fq u? + B2
{2 m o_=n(_o (15)
2f |7, n_| w2 2f\ x :
L o m c




The term in the square bracket is equal to one according to equation (7),
and therefore is (ng + H) = x5 1.e., the nozzle elevation plus penetra-
tion depth into the liquid is equal to the core length of the initial
region xc. For this case the stagnation point moved into the transitional
region of the jet for which no universal velocity profile exists, and
consequently the pressure distribution on a solid surface due to an
impinging jet will change with the axial distance. However, we assume
that the difference between the velocity profiles of the main and
transitional region is of minor consequence as the change in the pres-
sure distribution of a jet impinging on a solid or liquid surface.

_ By combining all Mach number dependent terms, we can find
a "universal" curve which will be the point of departure for the model
laws:

no + H B X, 5F
—_—_ = Jf —_— (16)
d d y.t d< n
o} o L 0o O

where f is the function shown in Figure 4, 1t depends on the jet Mach
number M; (the Mach number in front of the normal shock), which is, on
the other hand, a function of the exit Mach number Mex and the dimension-
less standoff distance (n0 + H)/do of the nozzle. By setting

0@ Gy o

which is essentially a function of the Mach number for ideally expanded
jets, we can express equation (16) as

0 -_—
3 = . (18)




The maximum influence of f on the penetration depth (ng + H)/dy can be
obtained from equation (18) by setting H = O:

@ £ [@ 2= | @

We notice that the penetration increases only with the cubic root of f.
The term in the square brackets is constant for an ideally expanded jet
of a given Mach number. Equation (19) shows also that for increasing
exit diameter the relative penetration (ny/dy) decreases. The core
length (x./dy) can be obtained from Figure 3 if the jet expands ideally.
For over- or under-expanded jets, an equivalent core length must be
taken which is also shown in Figure 3. On the other hand, the core
length can be obtained from testing a scale model of the prototype.

IV, DISCUSSION OF THE TEST RESULTS

A literature survey showed that already a multitude of tests are
available which deal with penetration of gas jets into liquids. Now
additional tests were conducted in References 5, 6, 9, and 10, which
were correlated with existing data.

In Figure 7 the dimensionless penetration depth ng/dy was plotted
versus the dimensionless height of the nozzle above the water level.
The theoretical curve was obtained from equation (18). A good repre-
sentation is given for a range of H/do between 0 and approximately 30,
For higher H/d, values, the actual penetration is less than the predicted
one, This could be partly explained by the insufficient representation
of the velocity by the simple equation (2). The jet velocity seems to
vanish faster than the hyperbolic velocity law. Figure 8 shows the
approximate Mach number Mj on the centerline along the length of the
jet. It was obtained by equation (8) using for up/u, the curve of Fig-
ure 2 for Mgy ~ 3.0. The minimum distance between nozzle and stagnation
point of the three jets of Figure 7 is (mp + H)/d, =~ 50. A comparison
with Figures 8 and 4 shows that the jet Mach number is in the low sub-
sonic range and the influence of V' on the penetration depth ngy/dy is
appro¥imately 1,03, ’

Figure 9 shows the data of "cold" air jets for different Mach numbers
M, and different nozzle heights H/do. Within the accuracy of the experi-
ments, equation (10) correlates the data fairly well. The flagged symbols
indicate test results where H/dp = 0. We observe that the stagnation point



is located far downstream in the main region of the jet where the jet
Mach number is already subsonic. Apparently, the water entrainment
into the boundary layer of the jet has little effect on the assumption
that the momentum along the jet is constant as pointed out by the
coincidence of experiments and theory. When we enter experimental
points of larger H/d, > 30 to 40, the agreement becomes worse, as’
expected, since Fifure 6 shows a departure from experiment and theory.
The penetration for H > 30 becomes less as theory predicts, and con-
sequently, the point must lie on the left side of the corresponding
theoretical curve. This departure is partly due to the adoption of
the simplified velocity decay function as given by equation (2).

In Figure 10 "hot" data are plotted for different tests. Again,
equation (10) gives a good approximation, as mentioned in the discussion
of Figure 2. Since the experiments show some scatter, it is more
appropriate to use a band for a certain Mach number instead of a single
curve, Furthermore, the jets are not all expanded ideally so that the :
core length varies too.

Figure 11 shows a "universal" plot where all available data of
ideally expanded jets were used. The data are now independent of the
Mach number dependent core length for relatively large penetrations ng/dg.
Equation (16) was used to correlate all available data. However, for
small penetrations (x¢ ~ ng) and a given Mach number, the curve will
branch off to different values of the ordinate which are identical to
the core length xc/dg as shown by equation (15). Also the influence of-
the factor f will be important for supersonic jets because the jet Mach
number in front of the normalishock is rather high (Figure 8). However,
the jet expands now into a region of high pressure which changes the
core length to a smaller value. For fully expanded supersonic jets, data
of small penetration depth (n, + H)/d, are not available. Collecting all
available subsonic and supersonic data with their corresponding core
length, we obtain Figure 10, where data of References 3 and 7 are plotted.
The core length of the subsonic jet is larger, by a factor of 2, than
given in Figure .3. This indicates that the jets used for the subsonic
impingement test were probably under-expanded. 1In the literature, con-
cerned with this problem, we find core length varying from 4 to 10 for sub-
sonic jets [3]. ‘

In Figure 12, the single-dashed curve now branches off and approaches
a value of approximately 8. Data obtained from Reference 3 were in the
range from H/dy = 4 to 48, whereas in Reference 7 data for H/dy = O were
alsc available. The lowest nozzle elevation of the subsonic test series
of Reference 3 was H/d, = & with only a negligible ny/d,. This could be
explained by a shortening of the core of the jet which, positioned closer
to the water surface, expands into a region of higher pressure, thus
approaching the condition of ideal expansion., Furthermore, the sharp
corner of the centerline velocity is not real, as a comparison of the
real velocity with the simple law xc/x in Figure 2 shows.

10




V. MODEL LAWS FOR THE PENETRATION

For the penetration problem, we want to simulate the dimensionless
penetration ng/dy which shall be the same for prototype and model:

[o] _ o]
-, -
o m p .

To achieve this, the expression given by equation (16) must be held
constant for model and prototype. Rewriting equation (16) yields

+ 2n 2
0 o _ c 2F
Ha‘"fG'>_—a§- @1) .
o (o} [o) 7LTE o

The solution for ng/do is a cubic and can be solved by graphical means.
However, for H/d, = 0, we obtain simpler relations which will shed more
light on the relationship between the different parameters.

éF(xc/do) “1/3
= <% Yo FE . (22)
o .

The penetration depths of model and prototype are equal if the expression
on the right side of equation (22) is equal for both wmodel and prototype,

respectively.
F(x /d )3 F(x /d )3
<% . (23)
p

Let us first assume that model and prototype have the same pressure dif-
ferential across the exit plane; i.e., both have the same expansion ratjo.

m' =}
o |o

PO/Poo = const. (24)
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The constant is unity for an ideally expanded jet. For a geometrically
scaled model then (the exit Mach number is the same and therefore the
~ thrust per exit area),

1
2 . -1
- () ()
% di y =1 ch W oax Unax
2
-1 2(7—1)
= [7M2 Py {1 + 1——2 M2} } (25)

is identical for both model and prototype, and also the core length
x./dy. From equation (23) we obtain for identical yp

(do)m= (do)p- (26)

For this case, the model dimensions are identical with the prototype
dimensions, and no scaling is possible.

If we impose no restrictions on the similarity of the model except
that of geometric similarity which shall be preserved for model and
prototype, then the jet Mach number is the same and with it the factor
f and the dimensionless core length (xc/dg). Equation (23) becomes now

F 1 _(F 1
<327 d>_<?z7d>' @D
° /1L "0/pm o ’79/p
The exit diameter of the model becomes
d L)
om _(E\ (Lo . _Lp (28)
d d=2 F (7L)
op o/m p m
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If the thrust-to-area ratio is not changed and the liquids on which the
jets impinge are the same, then we obtain the above-mentioned case
again, equation (26). Smaller model diameters are, of course, desired,
and therefore the following conditions should be observed:

F F
), <@, 29

and

(7L)p < () (30)

m

Decreasing (F/dg)m, holding the Mach number of the jet the same as that
of the prototype, means decreasing the chamber pressure of the model
which can be seen from equaiioin {25). We sec that the digmeter ration
decreases linearly with the chamber pressure ratio. This, however,
means that the experiments have to be conducted in an underpressure
chamber to satisfy the condition of pressure constancy at the exit and

holding thus the same dimensionless core length.

1
The second condition states that we have to use a liquid heavier

than water, possibly mercury. The reduction in model diameter is then
1/13.5 of the prototype diameter.

More favorable models are obtained when the geometric similarity
‘is abandoned, and subsonic model jets are used to simulate cavities

produced by supersonic jets.

Since scaling of geometrically similar models leads to an impractical
experimental apparatus, we must abandon this approach. On the other hand,
we can readily predict the cavity depth accurately enough, at least within
the scatter of the experimental point, by using equations (17) and (18)
which we actually used for deriving scaling laws.

13



VI. SPLASHING

In Reference 3, the investigators observed that splashing occurs
after the jet has reached a certain velocity and the penetration depth
n, is larger than a certain critical depth. An approximate estimate
from their results indicates that splashing occurs for a cool air jet
impinging normally on a water surface when the centerline velocity ug
is approximately 40 to 50 ft/sec, which corresponds to a critical
penetration depth of /.04 ft., The Kelvin-Helmholtz interfacial
instability relationship [11] predicted an air velocity of about 22 ft/sec.
Here, waves on a horizontal surface forming the common boundary of two
parallel currents with different velocities u, u' were considered (the

dash denotes the velocity of the air). The theory predicts an instability
of the waves if

1+ &=

o= u| > —=E o
J o

where o, p' are the densities of water and air, respectively, and c,
the minimum velocity of the waves, which is about .71 ft/sec for an air-
water interface. If the relative velocity |u - u'| exceeds this value,
which is about 27 ft/sec the amplitudes of the small waves about two-
thirds of an inch in length, will continually increase until droplets
are formed. The velocity of the water at the surface, when compared to
the velocity of the jet, is negligibly small, We can therefore assume
that the Yﬁlocity of the air must exceed this value. We can then form
an expression ng/ngerit Where npc,it is the penetration depth at which
water drops will form for the first time.

Splash heights are a function of the drop velocity v, at the air
water interface (see Figure 5 for explanation of the subscripts). Our
goal is now to find a rélationship between the splash height S. and
some known parameter of the cavity or the jet. Let us first consider
the complete equation of motion for the gas-liquid mixture at the
cavity-water interface. We assume a departing gas sheet of constant
velocity across the sheet.

The equations which govern the motion of the gas and the liquid
drops are the following:

For the gas at the interface, we obtain

dvi
A.p,ds —, v, =~-Ad ~-A ds - D - ...
i¥i ds i ip n

14 : o




The acceleration of the gas from zero velocity at the stagnation point

of the cavity to its maximum velocity at the lip of the cavity is due to
the decreasing pressure force ~A; dp and the drag of the A.n.ds drops in
the gas. Friction forces are neglected. Aj is the area which is occupied
by the gas, A = Aj + A is the total cross section of the departing mixture
and n is the number of water drops per unit volume. To calculate the drag
the drop size must be known. An equilibrium drop size can be calculated

if the pressure of the surrounding gas, the pressure within the droplet,
and the surface tension of the drop are known,

The equation for the liquid drops is

dv
D =
ds c——n = - - i
ADDD 3s vD Ade + Ads nD + (vi YD) de m, Ads ng sin V.

There are several causes of the acceleration of the liquid drops in this
element of length ds at a point s: the pressure field acts on the drops,
and the gravity and the drag forces which decelerate the drops. Further-
more, new drops formed from the water and vapor may condense onio iLue
drops already formed which might have a lower velocity.

Ap is the area occupied by the liquid and | the inclination of the
stream-tube to the horizontal. 1In addition to these equations, the -con-
servation laws of mass, energy, and momentum must be applied plus an
equation which determines the formation of drops. This is a very complex
problem, and we have to simplify the equation. We consider, therefore,
only the trajectory of one drop of constant size.

dv,
vy —Lt - _ Ll dp
ids P4 ds Tt
and
dv p: € AD
. 1 dp i D 2
— T - - — 4 —————e————— - .
YD 3s g sin ¥ = o~ s 2 vy - vp)

D

The velocity of the gas at the interface is given as
2
i

vS = uﬂzl (S/no):
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where s is counted positive from the stagnation point to the lip of the
cavity. One can express dp/ds now as

2
dp__FPilm
ds 2 n, ’

and the combined equations become finally

v o8 o €, A n

D i .- L DD o |s s D D
rPaC— =[z—— a 'San)+T{?1_' 2J;<:—)+G‘) Hd<n—>
m Pp D ° o o

This differential equation was numerically integrated for different drop
sizes. For large drop sizes small velocity ratios were obtained, and
with decreasing radii the velocity ratio increased until the velocity
ratio became one for vanishing drop sizes. Since all drop sizes are
encountered in the departing gas water mixture, the velocity of the gas

at the lip decreases because of the drag of the water drops. Therefore,
we set VD/um =1 - a, where a is the velocity defect due to the drag of
the n liquid drops. The splash height of a small drop can be approximated
by

v

-.D _. o
Sc 7% sin=y max,

where V.5 is the maximum inclination of the droplet trajectory to the
horizontal. For deep cavities, yp,, is of the order of 80°. Small drops
have almost the same acceleration as the gas at the cavity-water inter-
face; therefore,

-g sin ¥ = v; dvi/ds
= u@/
uz/2n

and
2 ~ si
u®/2n_g ~ sin y.
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Inserting this relation into the above equation for the splash height,
we obtain

s

Ei = (1 - a)2 sinzwmax sin .

Figure 13 shows some observed splash heights for penetration 20 to 60
times deeper than the critical depth np.p . For small penetration,
ratios no/n0crit approaching one @ and \y,x decrease to a small finite
value and depend on the cavity diameter-to-depth ratio. For large
penetration ratios, the dimensionless splash heights seem to approach
s¢/ng =~ .7. These data were obtained from Reference 10. More data,
however, are needed to confirm this. Since the cavity oscillates con-
siderably for deep cavities, the splash heights also oscillate at the
same frequency. The constant splash in Figure 13 is defined as the
minimum height that the splashing water maintains during the test run.
On this constant splash height, a distance of twice the amplitude of
the osciiiation is superimpoused ito obiaiin the surging splash. This
distance is proportional to twice the amplitude of the cavity oscillation
squared.

VII., PENETRATION DEPTH FOR A FULL-SCALE F-1 ENGINE

An example shall jillustrate the procedure of calculating the probable
penetration depth of a full scale single engine.

The F-1 engine was chosen, with the following data assumed.

Chamber pressure 1000 psia

Exit pressure 6.43 psia (over-expanded)
Exit temperature 2544 °R

Exit Mach number 3.70

Exit velocity 9807 ft/sec

Thrust 1500 K 1bs

Expansion ratio 16.0

Exit diameter 11.67 £t = 140 in

Mean specific ratio 1.23.

17



VIII, THE PENETRATION DEPTH OF AN ENGINE CLUSTER

The preceding discussion dealt with only one engine impinging on

a liquid surface. If more engines are added, new additional parameters
have to be considered, for instance, the spacing, the geometry of the
’cluster, and the number of engines, A very important parameter of the
single-engine investigation turned out to be the core length. Therefore,
it is obvious that the distance between the engines divided by their core
length should be held constant. Figure 15 shows different experiments
with a model Saturn cluster of a 1:100 scale. The exit Mach number is

x = 2.4, The jet is over-expanded; this means that the core length is
smaller than that for an ideally expanded one, From configuration A,
where only one engine was on, one can find x¢/do as approximately 9,
The thrust of a single engine is given as F = 9,63 1lbs. The expression
F/(yLnodg) is formed by the parameters of one engine only. The penetra-
tion depth increases with increasing number of engines. This can be
explained by a slight increase in core length and, above all, by less
attenuation of the jet velocity of the combined engines, since the mix-
ing process is delayed. However, if the engines are very far apart as
in the case of configuration F, where the engines 2 and 4 are on, the
jets act like single jets and consequently have the same penetration.
Also an attempt was made to predict the penetration depth of the full
scale booster with all eight engines on., It was found that the Saturn
booster with the nozzle plane at sea level (H/d, = 0) would have a
penetration of approximately ngy/d, = 40 to 48, which would correspond
to about 170 to 205 feet, In Reference 10, a penetration depth of i69
feet was.predicted without considering the compressibility. The minimum
penetration, corresponding to £ = 1, would be 170 feet,

IX, CONCLUSION

This investigation dealt with the penetration of a compressible gas
jet into a liquid. To analyze and correlate test data, a simplified jet
theory was used where the velocity decay follows a hyperbolic law. How-
ever, despite the simplifications, the theory correlates the available
test data relatively well, Some uncertainty exists about the compres-
sibility factor £ of a jet. As long as the relative penetration is
large, there need not be much concern about the factor f, since the
Mach number on the centerline of the jet falls far down into the subsonic
region,

The analysis shows also that for constant exit Mach number the jets
of smaller thrust level have a larger dimensionless penetration depth
than jets of large thrust level; scaling is therefore not possible,
without changing the geometry of the rocket motor. However, with the
help of the simplified theory, the prediction of the penetration depth
is possible when the jet data are known.
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Splash heights were found to be a function of the penetration depth
n_. only after a critical value of n, is surpassed. For large penetrations,
tge ratio s./n, seems to be constant; however, more data must be gathered
to confirm this statement.

For the penetration of rocket clusters, more parameters have to be
considered and the possibility to predict the penetration with a certain

accuracy decreases,

In principle, however, the same basic ideas which were applied to
the single jet should apply also for a multitude of jets, as long as the
important parameters are held constant. If this is done, one should be
able to predict reasonably well the penetration depth of the prototype.
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